Introduction
Factor XII (FXII) is the zymogen of serine protease factor XIIa (FXIIa). Discovered by Ratnoff 60 years ago, FXII was first recognized as essential for surface-activated blood coagulation. FXII is activated to its enzyme by plasma kallikrein or by its unique property of autoactivating from a zymogen to an enzyme (FXIIa) when bound to artificial or certain biologic surfaces (1, 2) . The mechanism for autoactivation is not completely characterized. New interest in FXII has been kindled by the recognition that F12 -/-mice have reduced thrombosis, but normal hemostasis, and by the identification of several biologic substances (e.g., polyphosphates, aggregated protein, RNA, vascular collagen, neutrophil extracellular traps [NETs] ) that support FXII autoactivation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Since FXII deficiency is not associated with a defect in hemostasis, inhibition of FXIIa, the enzymatic form of FXII, has emerged as a potential target for preventing thrombosis without increasing bleeding risk.
Although FXII enzymatic activities have been extensively studied, few zymogen FXII-initiated functions have been appreciated. Older studies showed that FXII deficiency is associated with decreased migration of inflammatory cells into skin windows (16) . In human plasma, FXII and FXIIa induce neutrophil aggregation (17) and plasma FXII is present on the surface of neutrophils (18) . Zymogen FXII stimulates monocyte expression of FcγRII (19) . In contrast to other components of the coagulation system, FXII has 2 EGF domains and the zymogen has mitogenic activity in smooth muscle and endothelial cells where FXII stimulates angiogenesis through urokinase plasminogen activator receptor (uPAR) (20) (21) (22) . Activation of dendritic cells by FXII also modulates adaptive immunity through uPAR-mediated cytokine production, contributing to neuroinflammation (23) . These data indicate that zymogen FXII regulates cell biology independently of its protease function.
Here, we examined the role of FXII in the inflammatory response. Immunofluorescence and surface plasmon resonance show that, following neutrophil activation, autocrine FXII binds to uPAR on the neutrophil surface in a zinc-dependent (Zn 2+ ) manner. Signaling assays demonstrate that the FXII-uPAR interaction promotes Akt2S 474 phosphorylation, upregulates the membrane Coagulation factor XII (FXII) deficiency is associated with decreased neutrophil migration, but the mechanisms remain uncharacterized. Here, we examine how FXII contributes to the inflammatory response. In 2 models of sterile inflammation, FXII-deficient mice (F12 -/-) had fewer neutrophils recruited than WT mice. We discovered that neutrophils produced a pool of FXII that is functionally distinct from hepatic-derived FXII and contributes to neutrophil trafficking at sites of inflammation. FXII signals in neutrophils through urokinase plasminogen activator receptor-mediated (uPAR-mediated) Akt2 phosphorylation at S 474 (pAktS 474 ). Downstream of pAkt2S 474 , FXII stimulation of neutrophils upregulated surface expression of α M β 2 integrin, increased intracellular calcium, and promoted extracellular DNA release. The sum of these activities contributed to neutrophil cell adhesion, migration, and release of neutrophil extracellular traps in a process called NETosis. Decreased neutrophil signaling in F12 -/-mice resulted in less inflammation and faster wound healing. Targeting hepatic F12 with siRNA did not affect neutrophil migration, whereas WT BM transplanted into F12 -/-hosts was sufficient to correct the neutrophil migration defect in F12 -/-mice and restore wound inflammation. Importantly, these activities were a zymogen FXII function and independent of FXIIa and contact activation, highlighting that FXII has a sophisticated role in vivo that has not been previously appreciated.
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Results

Characterization of F12 -/-mice. F12
-/-mice on a C57BL/6J background were generated by NEO insertion in place of F12 exons 3-8 (24) . The mice were not the F12 -/-mice that had a concurrent profilin deletion (25) . Upon PCR of genomic DNA, WT (F12
+/+
) and F12 -/-genes produced 152-bp and 128-bp bands, respectively (Supplemental Figure  1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI92880DS1. See complete unedited blots in the supplemental material). FXII-deficient plasma had a significantly prolonged activated partial thromboplastin time (aPTT) (Supplemental Figure 1B) . FXII-deficient plasma had less than 5% FXII coagulant activity compared with normal plasma (Supplemental Figure 1C) . Immunoblot studies showed no detectable FXII antigen in FXII-deficient plasma (Supplemental Figure 1D ; see complete unedited blots in the supplemental material).
F12
-/-mice exhibited normal hematologic parameters and prothrombin time (Supplemental Table 1 ).
The influence of FXII in inflammation. Two observations led us to investigate whether FXII participates in the inflammatory response and wound repair. First, F12 -/-mice had reduced wound angiogenesis mediated by uPAR, and second, uPAR influenced leukocyte recruitment and inflammation (22, 26) . Sterile skin punch biopsies (5 mm) were taken from WT and F12 -/-mice. Wounds were harvested on days 2 and 5, and frozen sections were stained with anti-CD11b, a leukocyte marker (Figure 1 , A and C). There was an approximately 2-fold decrease in CD11b staining in F12 -/-wounds versus WT on day 2 (P = 0.0009) ( Figure 1B ) and day 5 (P = 0.0001) ( Figure 1D ). Leukocyte subpopulation analysis using anti-Ly6G antibody, a neutrophil marker, also indicated a disproportionate decrease in the neutrophil population that appeared in F12 -/-wounds on both day 2 (P = 0.0001) (Figure 1 , E and F) and day 5 (P = 0.0018) (Figure 1, G and H) .
The absence of FXII is associated with a 50% reduction in bradykinin (BK) formation (24) , and BK itself influences leukocyte function (27, 28) . To determine whether reduced bradykinin signaling contributed to the findings of decreased leukocyte translocation of α M β 2 integrin, increases intracellular calcium concentration, and leads to extracellular DNA release. Real-time microfluidic visualization of neutrophils shows that FXII is a potent chemotaxin. Neutrophils in FXII-deficient mice exhibit reduced adhesion, migration, and chemotaxis. Moreover, transplantation of BM from FXII-deficient mice into WT hosts results in faster wound healing. Studies with FXII variants confirm that FXII-mediated signaling in neutrophils is independent of its enzymatic activity. Taken together, these findings provide evidence that FXII/uPAR contributes to key neutrophil functions to influence cell trafficking at sites of inflammation. Further, targeting the , n = 10 mice (H). Fluorescent images were obtained using a Nikon TE2000-S microscope at ×20 magnification. CD11b and Ly6G staining in all panels was compared by morphometric analysis of cell number per high-power field using ImageJ software (NIH). Data represent mean ± SEM. *P < 0.01 vs. WT control mice by Student's t test. Scale bar: 50 μm.
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jci.org Volume 128 Number 3 March 2018 (70.3% ± 7%, mean ± SEM) was significantly greater than that in WT mice (54.1% ± 4%) (P = 0.04) ( Figure 3D ). In early stages of wound healing, leukocyte recruitment, mainly of neutrophils, overlaps with keratinocyte proliferation (29, 30) and can interfere with healing. Immunohistochemistry of day 2 wounds showed decreased neutrophil elastase (NE) in the scab area and in the wound bed ( Figure 3 , E and F) and reduced citrullinated histone H3 (H3Cit), a NET marker, in F12 -/-wounds when compared with WT ( Figure 3 , G and H). Our data demonstrated that the reduced neutrophil recruitment seen in F12 -/-mice had a beneficial effect on wound healing.
Targeting hepatic FXII does not influence neutrophil function. In order to determine whether FXII directly contributes to leukocyte function, FXII production in the liver was targeted by F12 siRNA. Initial kinetic experiments determined that F12 siRNA treatment reduced plasma FXII coagulant activity to less than 5% within 24 hours compared with control luciferase siRNA ( Figure  4A ). The half-life for plasma FXII decay, defined as the period of time required for FXII coagulant activity to be reduced by one-half (50%), was 6.7 hours. Coincident with reduced FXII coagulant activity, plasma levels of FXII, as detected by immunoblot analysis, also became significantly reduced 24 hours after F12 siRNA treatment ( Figure 4B ; see complete unedited blots in the supplemental material). To assess the specificity of F12 siRNA, 0.5-cm 3 sections of liver were collected 24 hours after F12 and luciferase siRNA treatment, mRNA was isolated, and factors VII (FVII), IX (FIX), XI (FXI), and prekallikrein (PK) mRNA levels were quantified by real-time PCR ( Figure 4C ). F12-directed siRNA significantly reduced F12 mRNA expression (P = 0.0013; Figure 4C ). However, similarly to luciferase siRNA, F12 siRNA did not affect mRNA expression of FVII, FIX, FXI, and PK ( Figure 4C ). Therefore, the F12 siRNA specifically silenced F12 mRNA and protein levels as well as plasma clotting activity. Studies next determined whether siRNA treatment influenced leukocyte function. Unlike F12 -/-mice, F12 siRNA-treated mice did not exhibit significant reduction in neutrophil recruitment in day 2 (P = 0.9 vs. WT; Figure 4D ) or day 5 (P = 0.1 vs. WT; Figure 4E ) skin wounds. Similarly, in the TG peritonitis assay, F12 siRNA-treated mice exhibited norrecruitment in skin wounds, we examined BK B2 receptor-deleted (Bdkrb2 -/-mice contained a significantly lower percentage of neutrophils compared with WT mice (Figure 2 , B and C). On flow cytometry, the CD11b-positive, F4-80-negative cells, corresponding to the neutrophil population, also were significantly fewer in peritoneal exudate fluid from F12 -/-mice (9%) compared with WT mice (39%) ( Figure 2D ). In contrast, the number of PECs at 72 hours, representing macrophage recruitment, was not different among WT and F12 -/-mice (P = 0.13; Supplemental Figure 3 ). These combined data indicate that FXII deficiency was associated with decreased neutrophil infiltration at sites of sterile inflammation. This finding was independent of reduced BK formation.
FXII deficiency results in improved wound repair. Studies next determined how the reduced inflammatory response seen in F12 -/-mice translates in vivo in wound-healing potential. WT and F12 -/-mice were wounded, and wound closure was monitored daily. Wounds in F12 -/-mice closed earlier than WT wounds ( Figure  3A ). When the wound area was measured daily from equally sized biopsies, F12 -/-mice had significantly smaller wounds compared with WT mice ( Figure 3B ). By day 7, 25% of F12 -/-wounds were completely closed (defined as wound area relative to day 0 of less than 5%) compared with 0% of WT wounds ( Figure 3B ). By 8 days, wounds were completely closed in all F12 -/-mice compared with 25% of WT wounds (P = 0.02). To further evaluate wound healing, the reepithelialization of day 5 wounds was examined ( Figure  3C ). The mean percentage of reepithelialization in F12 -/-wounds Figure 5A ; see complete unedited blots in the supplemental material. There was complete sequence homology between murine neutrophil-and hepatic-derived F12 in all 14 exons queried. Neutrophil F12 mRNA expression is approximately 4-fold lower than hepatic F12 expression ( Figure 5A ) (31) . PCR analysis of F12 siRNA-treated neutrophils showed preserved F12 expression in these cells (Supplemental Figure   mal PEC counts, as did WT mice treated with control luciferase siRNA ( Figure 4F ). Infusion of human FXII into F12 -/-mice such that the plasma FXII concentration was made physiologic at 450 nM did not correct the PEC migration defect seen in F12 -/-mice ( Figure 4G ). We also reconstituted F12 -/-mice with 675 nM of recombinant murine FXII (mFXII), corresponding to 1.5 times the plasma FXII concentration. We immediately challenged these animals with peritoneal TG instillation and performed peritoneal lavage and plasma collection 4 hours later. Based on our kinetic experiments, which show the mFXII half-life to be 6.7 hours, we rationalized that the reconstituted FXII concentration at the time of harvest (t = 4 hours) would be sufficiently high to support any role of circulating FXII in neutrophil infiltration. FXII coagulant activity in mice reconstituted with mFXII at the time of peritoneal lavage (t = 4 hours) was 70.2% ± 4.4%, and prothrombin time was normal (Supplemental Figure 4 , A and B). However, as shown in FXII was secreted. Since uPAR is functionally important for leukocyte activities (32) (33) (34) (35) (36) and serves as a receptor for FXII on endothelial cells (22), we performed surface plasmon resonance studies, which showed that FXII bound to uPAR in a concentration-dependent manner ( Figure 6B ). Binding kinetics showed a high-affinity interaction with k on (association rate constant) of 2.03 ± 0.85 × 10
, and K D (equilibrium dissociation constant) of 37.1 ± 29.4 nM (Supplemental Table 2 ). BiaCore studies also showed that the FXII-uPAR interaction requires Zn 2+ ions ( Figure 6B ). Collectively, these findings confirmed that FXII and uPAR interact on the neutrophil surface in a zinc-dependent manner.
Investigations next determined whether the interaction between FXII and uPAR results in neutrophil activation. Since several neutrophil functions depend on pAktS 473 signaling (37, 38), we observed that fMLP or FXII/Zn 2+ treatment of neutrophils increased AktS 473 phosphorylation in WT neutrophils ( Figure  6C ; see complete unedited blots in the supplemental material). FXII-induced pAktS 473 was blocked upstream at PI3K by Wortmannin and LY294002 ( Figure 6C 5A; see complete unedited blots in the supplemental material). Peripheral blood murine neutrophils contained FXII on immunofluorescence ( Figure 5B ). Confocal microscopy studies with normal human neutrophils determined that in resting (untreated [UT]) cells, FXII was distributed throughout the cell ( Figure  5C ). When neutrophils were activated with N-formylmethionyl peptide (fMLP), FXII translocated to the plasma membrane on midoptical confocal microscopy projections ( Figure 5C ). No FXII was seen in peripheral neutrophils from a patient with congenital FXII deficiency (Hageman trait) ( Figure 5D ) or in neutrophils from F12 -/-mice ( Figure 5B ). Immunoblot analysis of resting or fMLP-stimulated monocytes did not show the presence of FXII protein (Supplemental Figure 5B ; see complete unedited blots in the supplemental material).
FXII signals through uPAR to stimulate pAktS 473 and pAkt2S 474 in neutrophils. Studies next examined how neutrophil FXII influences cell activities. First, when washed neutrophils were stimulated with fMLP for 1 to 5 minutes, cells and supernatant were separated and resolved on SDS-PAGE and FXII was detected with FXII-specific antibody. FXII was present in UT cells, but not in supernatant from these cells ( Figure 6A ; see complete unedited blots in the supplemental material). Upon fMLP stimulation, FXII content decreased in the cell fraction and increased in the supernatant over time (Figure 6A) . These data showed that following neutrophil activation, Figure 6E ; see complete unedited blots in the supplemental material). In human and mouse neutrophils, Akt2 is the predominant Akt isoform that regulates neutrophil functions (37, 39, 40) . We observed that in WT neutrophils, pAkt2S 474 was substantially increased in response to fMLP and FXII/Zn 2+ ( Figure  6F ; see complete unedited blots in the supplemental material). In 
FXII-mediated signaling in neutrophils is a zymogen function.
We next determined whether the effect of FXII on neutrophils is a zymogen property or an enzymatic activity. WT neutrophils were stimulated with FXII and Zn 2+ for up to 5 minutes. We determined that exogenous FXII remained a single chain (~78 kDa) on reduced SDS-PAGE ( Figure 7A ; see complete unedited blots in the supplemental material). In a chromogenic assay measuring S-2302 cleavage, WT neutrophils were incubated in the absence or presence of fMLP, FXII/Zn 2+ , or increasing concentrations of FXIIa (0.62 nM, 6.2 nM, 62.5 nM) and Zn
2+
. We found no significant amidolytic activity in UT or fMLP-treated neutrophils ( Figure  7B ). S-2302 cleavage in FXII/Zn 2+ -treated cells progressed at a slow rate and was not significant at 5 minutes, but reached statistical significance at later time points ( Figure 7C ). In contrast, there was a concentration-dependent increase in S-2302 hydrolysis when FXIIa/Zn 2+ was incubated with neutrophils ( Figure 7B ). This increased amidolytic activity started as early as 5 minutes (62.5 nM of FXIIa) and persisted at 180 minutes (6.2 nM and 62.5 nM of FXIIa) of cell incubation with FXIIa/ Zn 2+ ( Figure 7C ). These data show that FXII does not exhibit early enzymatic activity on the surface of neutrophils, especially not within the 5 minutes that is the end point in pAkt2 signaling studies. Since recent investigations show that single-chain FXII exhibits weak proteolytic activity, we generated a double FXII mutant, termed FXII-D, that consists of 2 mutations: FXII locarno (FXII-R353P mutation) (8) and FXII-S544A (an alanine substituting the active site serine). On reduced SDS-PAGE, FXII WT, FXII-D, purified plasma-derived XII (purified FXII), and FXII locarno migrated similarly on gel electrophoresis ( Figure 7D ; see complete unedited blots in the supplemental material). FXII-D lacks phils, but this function was reduced with F12 -/-neutrophils ( Figure  8B ). To further determine whether FXII promoted directional cell migration, a kinetic chemotaxis assay was developed, employing a microfluidic chamber and time-lapse microscopy (Supplemental Figure 7) (42) . In these studies, F12 -/-neutrophils overall had less chemotaxis than WT cells for both chemoattractants, fMLP and FXII/Zn 2+ (Supplemental Figure 8 and Supplemental Video 1). By examining the rate of chemotaxis, FXII was a more potent chemoattractant for WT cells than fMLP (Figure 8, C and D) . However, for both chemotaxins, F12 -/-neutrophils had about half the chemotaxis rate of WT neutrophils (Figure 8, E and F) . Finally, uPAR appeared to mediate FXII-induced chemotaxis, since Plaur -/-neutrophils had no significant chemotaxis in response to FXII/Zn 2+ and exhibited significantly less migration in response to fMLP (approximately 25% that of WT neutrophils) (Figure 8, G and H) .
FXII/uPAR upregulates α M β 2 integrin, increases intracellular Ca
2+ mobilization, and promotes NET formation. We further dissected how the FXII/uPAR axis contributes to neutrophil activities. We describe above that F12 -/-cells adhere significantly less onto fibrinogen ( Figure 8A ). Neutrophil adhesion to extracellular matrices and cells is an integrin-dependent function (43, 44) . It was previously shown that the surface expression of α M β 2 , but not α L β 2 , integrin is significantly reduced in Akt2-KO neutrophils upon all enzymatic activity and is incapable of contact-activation. F12 -/-plasma reconstituted with WT FXII shortened the aPTT to normal range (35.8 ± 1.2 seconds, mean ± SEM; Supplemental Figure 6 ). In contrast, when FXII-D was added to F12 -/-plasma, the aPTT remained significantly prolonged (>220 seconds, which is the upper limit of recording times; Supplemental Figure 6 ). However, independently of its inability to generate coagulant or enzymatic activity, FXII-D was able to promote Akt2 phosphorylation in neutrophils (Figure 7 , E and F; see complete unedited blots in the supplemental material). These studies, along with the kinetic enzymatic studies above, show that FXII-mediated signaling in neutrophils is a zymogen FXII function.
The FXII/uPAR axis contributes to key cell functions. Since FXII signals in neutrophils and F12 -/-mice had reduced inflammatory responses, we determined whether FXII regulates cell activities. First, neutrophil adhesion to fibrinogen was examined in WT and F12 -/-cells. After fMLP stimulation, F12 -/-neutrophil adhesion to fibrinogen was significantly reduced, suggesting that neutrophil FXII itself is important for adhesion ( Figure 8A ). Chemotaxis was examined with Boyden chambers using fMLP or FXII as a gradient. F12 -/-neutrophil migration was significantly lower than that of WT cells regardless of gradient ( Figure 8B) . Additionally, FXII itself in the presence of Zn 2+ was a chemotaxin to normal neutro- ting was performed for H3Cit, a marker of NETosis. These studies showed that FXII/Zn 2+ promotes histone citrullination ( Figure 9 , E and F; see complete unedited blots in the supplemental material). We stimulated neutrophils with FXII/Zn 2+ for 15, 30, 60, and 120 minutes and determined that significant histone citrullination occurred as early as 30 minutes after FXII/Zn 2+ stimulation (Figure 9 , G and H), peaked at 60 minutes, and remained elevated at 120 minutes ( Figure 9 , G and H; ee complete unedited blots in the supplemental material). To better study the kinetics of NET formation compared with other agonists, we used a plate reader assay that detects extracellular DNA release with a cell-impermeable, extracellular DNA dye, SYTOX Green. fMLP and A23187 predictably caused rapid NETosis that became significant compared with media at 120 minutes and 130 minutes, respectively ( Figure 9I ). NETosis induced by PMA and FXII/Zn 2+ followed distinct kinetics and was slower ( Figure 9I ). FXII/Zn 2+ , but not Zn 2+ alone, induced significant release of extracellular DNA at 150 minutes, while PMA-mediated NET release occurred at 220 minutes ( Figure 9I ). When WT neutrophils were pretreated with the specific Akt2 inhibitor (Akti XII) before stimulation with FXII/Zn Figure 9I) . Notably, when neutrophils were pretreated with LRG20, a domain II uPAR peptide that blocks FXII-uPAR interaction (22) , pAkt2S 474 was also significantly reduced (Supplemental Figure 9 ; see complete unedited blots in the supplemental material) and extracellular DNA release in response to FXII/ Zn 2+ stimulation was suppressed ( Figure 9I ). These combined studies supported the assessment that the FXII-uPAR interaction fMLP stimulation (39) . Therefore, we asked whether FXII-uPARpAkt2 interactions specifically upregulate surface α M β 2 integrin. WT neutrophils were stimulated with fMLP or FXII/Zn 2+ , and surface expression of α M β 2 was determined by flow cytometry. We found that, following FXII/Zn 2+ stimulation, the surface expression of α M β 2 integrin was significantly increased (P = 0.03 vs. UT neutrophils; Figure 9 , A and B). We next asked whether FXII stimulation of neutrophils increases intracellular calcium. We focused on this specific question due to prior studies that showed that following neutrophil activation, Akt2 is the only isoform that translocates to the leading edge of neutrophils, where it associates with the cytoskeleton (37 ] from the basal level of 27 nM; the change in [Ca2+] peaked within 2 minutes and then modestly decreased during the next 30 minutes (Figure 9, C and D) .
Immunofluorescence studies showed that F12 -/-wounds contained fewer NETs (Figure 3, G and H) . This finding may simply be due to the reduced presence of neutrophils in skin wounds. However, NET formation is governed by 2 major signaling pathways, NOX2-dependent (45, 46) and NOX2-independent (mediated by mitochondrial ROS) (47) pathways, and both pathways require pAkt activity (47) . Since FXII promotes Akt2 phosphorylation at S 474 , we asked whether FXII-mediated signaling in neutrophils itself promoted NETosis. Isolated WT neutrophils were stimulated with PMA, fMLP, and FXII/Zn 2+ for 2 hours. Immunoblot- defect ( Figure 10A ). On flow cytometry, there was an increased percentage of peritoneal neutrophils in F12 -/-mice that had received WT BM ( Figure 10B ). Likewise, when WT BM was transplanted into KO hosts, day 2 wounds showed increased NE and pAkt content compared with those in any mice that had received KO BM (Figure 10, C and D) . The number of neutrophils recruited into day 2 wounds was similarly increased in any host that had received WT BM ( Figure 10E ). Reduced neutrophil infiltration with less NE in WT mice that had received KO BM accelerated the rate of wound closure, similar to that seen in F12 -/-(KO) mice (Figure 10, F and G) . In contrast, the majority of day 5 wounds from KO animals that had received WT BM (WT to KO) remained open compared with wounds of KO mice that had received KO BM (Figure 10, F and G) . Based on our previous studies showing that F12 -/-mice exhibited reduced angiogenesis in skin wounds (22) , we next determined whether the reduced neutrophil infiltration correlated with reduced CD31 (endothelial cell marker) expression. Day 5 in neutrophils occurred upstream of NET formation. In sum, our data showed that FXII/uPAR contributed to neutrophil functions by generating intracellular mediator pAkt2 that (a) promoted the membrane translocation of α M β 2 integrin, (b) increased intracellular calcium concentration, and (c) mediated histone citrullination and extracellular DNA release. The sum of these activities contributes to cell adhesion, migration, and NETosis.
Neutrophil FXII is the major determinant of cell influx at sites of inflammation. Since FXII influenced neutrophil functions and neutrophil-derived FXII was distinct from hepatic-derived FXII, studies determined whether deficiency of neutrophil FXII alone altered wound healing by performing adoptive BM transplantation experiments. At 6 weeks, all transplanted mice had normal complete blood count (CBC) and differential counts (Supplemental Table 3 ). WT BM transplanted into KO hosts corrected the leukocyte migration defect on the TG assay ( Figure 10A ). Alternatively, KO BM transplanted into WT hosts produced a PEC migration nent of wounds is dependent upon neutrophil FXII and is the main determinant of wound healing. This latter observation has been recognized in human wounds as well (48, 49) .
Discussion
The recognition in recent years that inflammatory processes and wound behavior are closely linked has led to a paradigm shift in our understanding of the molecular and cellular events that translate into wound healing. Excessive neutrophil activity or the persistence of neutrophils at wound sites contributes to the development of chronic, nonhealing wounds (50) (51) (52) (53) . Therefore, identifying the mediators that promote neutrophil priming will provide insight into how they can be inhibited or manipulated. We have wounds from all 4 groups of transplanted mice were examined for CD31 content (Supplemental Figure 10) . We found that the area of CD31 staining (PECAM) was similar and not statistically different among KO mice that had received either WT or KO BM (P = 0.1; Supplemental Figure 10, A and B) . Accordingly, WT mice that had received either WT or KO BM had similar degrees of neoangiogenesis between them. However, neoangiogenesis was significantly greater in WT hosts than in FXII KO hosts (P = 0.0014) regardless of transplanted BM. These data indicate that wound neoangiogenesis is dependent upon the host, whereas the degree of neutrophil infiltration was dependent upon the source of BM. These combined data also show that (a) the effect of FXII on neutrophils is a BM-endowed function and (b) the degree of inflammatory compo- -/-chimeras. n = 6-9 transplants/condition. Mean ± SEM. *P < 0.007, 1-way ANOVA. (F) H&E-stained sections in day 5 wounds of WT and F12 -/-BM chimeras. Representative images of n = 6-9 wounds in each group of transplanted animals. Original magnification, ×4. Black lines demarcate the total length of original wound; yellow line represents the remaining wound gap. Red arrows represent the ingrowing epithelial tongues, closing wound. In photographs in which a red asterisk is seen, the wound gap is 0, indicating that the wound has completely reepithelialized. Scale bars: 100 μm. Histologic sections were obtained using a Leica SCN 400 slide scanner equipped with a Hamamatsu line sensor color camera. Analysis was performed using ImageJ software. (G) Wound closure in WT and F12 -/-BM chimeras, n = 6-9 wounds/group. Mean ± SEM. *P = 0.0004, 1-way ANOVA. . It might be assumed that FXII-mediated effects on neutrophils relate to FXIa formation and downstream thrombin-induced cytokine expression. FXIa was previously described to alter the migration of human neutrophils (59) , and FXI -/-mice had reduced levels of cytokines in plasma when subjected to polymicrobial sepsis (60) . However, there is a growing body of evidence suggesting that components of the contact activation system may regulate inflammatory responses irrespective of their role in thrombin generation (17, (61) (62) (63) (64) (65) . Here, we show that active site-inactivated FXII variants themselves promote Akt2S 474 phosphorylation independently of any proteolytic activity. These results show that FXII is able to directly influence innate immune functions independently of its downstream enzymatic activity.
Given that the plasma concentration of FXII is approximately 450 nM and that FXII's action on neutrophils relates to its zymogen form, we asked why the FXII/uPAR axis does not operate constitutively. In vivo, circulating FXII is not constitutively bound to cells in the intravascular compartment; it binds only when the local free zinc ion concentration (i.e., not bound to albumin) rises significantly from physiologic plasma levels of approximately 20 nM (66, 67) to a 7-10 μM range (21) . The source of extracellular zinc was previously shown to derive from activated cells (21) . Zinc dependency for FXII has previously been reported for both its enzymatic (68) (69) (70) and nonenzymatic (21, 71) activities. To this end, BiaCore studies confirmed that FXII did not interact with uPAR in the absence of zinc. Zinc has also been shown to be an intracellular second messenger in immune cells (72, 73) . When neutrophils were pretreated with TPEN, a cell-permeable Zn 2+ -selective chelator, prior to stimulation with FXII/Zn 2+ , no signififound the FXII/uPAR/pAkt2 axis in neutrophils, which promotes cell activation and leads to impaired wound healing.
In the present study, we found that F12 -/-mice exhibited decreased neutrophil recruitment in 2 models of sterile inflammation. When we measured the skin wound area daily in F12 -/-mice, we observed the maximum decrease between days 1-3 after wounding; this is the period where neutrophil recruitment overlaps with keratinocyte proliferation and matrix production. It has previously been reported that depletion of neutrophils accelerates the rate of reepithelialization in sterile nondiabetic and diabetic wounds (54) . We therefore rationalized that the presence of neutrophils in wounds interferes with wound closure and that the decreased neutrophil migration in F12 -/-wounds accounts for their improved wound-healing potential. Targeting FXII production in the liver with a siRNA knockdown strategy unexpectedly does not affect neutrophil migration. Further, reconstituting plasma of F12 -/-mice with FXII does not correct the neutrophil migration defect. The finding that hepatic FXII does not influence neutrophil function has similarly been reported in Smad3-null monocytes in which plasma replacement with exogenous TFG-β1 before wounding does not increase the number of monocytes recruited at wound sites (55) .
We found F12 mRNA in murine neutrophils and FXII protein in murine and human peripheral neutrophils. When neutrophils are activated with fMLP, FXII antigen translocates to the plasma membrane and is secreted. Surface plasmon resonance studies confirmed that autocrine FXII interacts with uPAR on the neutrophil surface. Prior evidence of local FXII production has been shown in human lung fibroblasts from patients with acute respiratory distress syndrome (56) .
We asked whether FXII signals in neutrophils. We examined Akt signaling because neutrophil invasion is strongly dependent upon it and because FXII signals in endothelial cells through Akt (57, 58 defense against pathogens. Prompt neutrophil recruitment and NET formation eventually lead to FXII contact activation and fibrin formation. The fibrin scaffold generated by this synergism entraps microbes within microvessels, limiting the systemic spread of infection while enhancing the clearance of pathogens by activated leukocytes (84, 85) . In contrast with what occurs in the infectious setting, neutrophils can damage host tissues, contribute to the development of autoimmunity, and lead to a multitude of adverse outcomes (82, (86) (87) (88) . In these latter scenarios, the contribution of FXII to neutrophil activation may be maladaptive and, among other outcomes, leads to persistent wound inflammation and impaired wound healing. Taking these data together, we have identified the FXII/ uPAR/pAkt2 axis that regulates neutrophil functions. Our studies add to the current knowledge that neutrophils induce signals that amplify proinflammatory cellular responses. Specifically silencing FXII-mediated signaling in hematopoietic cells influences neutrophil adhesion, migration, and chemotaxis and results in improved wound healing. These FXII functions are independent of its enzymatic activity and upstream of NET formation ( Figure 11 ). FXII signaling in neutrophils represents a heretofore unknown mechanistic link between neutrophil-driven inflammation and wound healing that should improve our understanding of the contribution of neutrophils in sterile inflammatory states and introduce a scientifically sound approach to targeting diseases that are characterized by sterile inflammation (23).
Methods
Animals. Six-to eight-week old male and female mice were used in equal numbers for all studies. mice were mated with C57BL/6J to rederive knockouts from heterozygous mice. The genotyping of F12 -/-mice was performed with oligonucleotide primer sets: a common reverse primer in exon 9 of the F12 gene (5′-GACGAAGCACCATGGACGTG, spanning bp 838-857 of the F12 cDNA) and a forward primer in exon 8 of the F12 gene (5′-GGC-CACCACGCATTTTGCCG, spanning bp 801-820 of the F12 cDNA to detect the WT allele, 152 bp). Also, the same reverse primer and a forward primer residing within NEO (5′-GTAATACGACTCACTATAGG-GC) were used to detect the null allele (128 bp). The WT Plaur allele was detected by PCR with the exon 3 primers (5′ primer: 5′-GATGATAGAGAGCTGGAGGTGGTGAC-3′) and Plaur reverse primer (5′-CACCGGGTCTGGGCCTGTTGCAGAG-GT-3′), which generate a 148-bp product. The targeted Plaur allele was detected using an intron 3 primer (5′-TCATCAGTCCTCCCTGCTA-AGGGC-3′) and the hypoxanthine phosphoribosyl-transferase primer (5′-TATTAC-CAGTGAATCTTTGTCAGCAGTTCCC-3′), which generates a 272-bp PCR product.
Bdkrb2 -/-mice, strain name B6/129S7-Bdkrb2 tm1Jfh , and their WT, B6129SF2/J mice (Bdkrb2 -/-), originally were purchased from Jackson cant Akt2S 474 phosphorylation was noted. These combined studies show that zinc supports FXII binding on neutrophils and is critical for FXII-mediated intracellular signaling.
The migration of neutrophils into tissues is a multistep process that involves tethering and rolling along the endothelium, chemokine-induced neutrophil adhesion, and actin-dependent polarization and migration before final diapedesis out of blood vessels (74) . We determined that FXII/uPAR/pAkt2 upregulates the surface expression of α M β 2 integrin (inside-out signaling), increases intracellular calcium mobilization, and promotes extracellular DNA release. The sum of these activities contributes to neutrophil cell adhesion, migration, and NETosis. uPAR itself modulates integrin affinity and avidity (75) (76) (77) . In endothelial cells, occupancy of uPAR by FXII promotes the formation of uPAR-integrin complexes that subsequently activate intracellular signaling pathways (outside-in signaling) through, at least, β 1 integrins (22) . Whether the lateral association between FXII-uP-AR and α M β 2 integrin directly contributes to neutrophil functions is the focus of ongoing investigations. Finding a pathway for NET formation through FXII is therapeutically relevant, since current understanding is that their relationship lies solely on contact activation of circulating FXII on the surface of preformed NETs (10) .
The observed phenotype of improved wound healing in F12
-/-mice correlates with decreased appearance of neutrophils at sites of skin wound injury. Traditionally, neutrophils have been considered important for efficient wound repair. Besides clearing the initial rush of contaminating bacteria, neutrophils also are a source of proinflammatory cytokines that serve as some of the earliest signals to activate local fibroblasts and keratinocytes (78, 79) . However, the value of having a large number of activated neutrophils in a healing wound has been recognized as a concern in recent years. Animal models show that excess neutrophil influx into wound sites impairs keratinocyte migration and proliferation (80) . In addition, the persistence of neutrophils in wounds leads to unrestricted proteolytic activity mediated by neutrophil granular enzymes that are considered the final executor of a pathogenic chain leading to matrix disruption and proteolysis of growth factors and their receptors (49) . Indeed, NE has previously been shown to be markedly increased in the exudate of nonhealing wounds and is thought to reflect a chronic, inflammatory, tissue-destructive microenvironment (48) . In contrast, high levels of α1-antitrypsin, an in vivo NE inhibitor, are a biomarker of successful wound healing (49) . NE associates with NETs and is critical to their function (81) . Recent studies show that circulating neutrophils from diabetic humans are primed to produce NETs (51), and NETosis delayed diabetic wound healing in mice and humans (82) . DNase 1, which disrupts NETs, accelerates wound healing in diabetic WT mice (51) . Although efficient wound repair requires the coordinated effort of many different cell types (83) , these data show that limiting the activity of neutrophils alone may be beneficial for the treatment of recalcitrant wounds. It is not completely clear to us why FXII deficiency is beneficial in sterile inflammation models used in the present investigation. FXII-induced neutrophil activation may serve differential roles in nonsterile versus sterile inflammatory states. During infection(s), neutrophil responses constitute the first line of Laboratories, but then were mated to produce heterozygous animals from which WT and gene-deleted colonies were rederived.
Statistics. All data are presented as mean ± SEM unless otherwise indicated. Differences between 2 groups were determined by unpaired 2-tailed Student's t test. One-way ANOVA analysis with Bonferroni's correction was used to compare 3 or more related groups. Wound surface area over time was calculated with ordinary 2-way ANOVA. S-2302 hydrolysis is shown as a box plot with whiskers, representing minimum to maximum distribution. P < 0.05 was considered significant.
Study approval. Animal care and procedures were reviewed and approved by the Institutional Animal Care and Use Committee at CWRU and performed in accordance with the guidelines of the American Association for Accreditation of Laboratory Animal Care and the NIH. All healthy donors and FXII-deficient patients enrolled in this study provided informed consent. The collection and use of blood samples for laboratory analysis were approved by the IRB of University Hospitals Cleveland Medical Center.
For more information, see Supplemental Methods.
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